Endotoxin [lipopolysaccharide (LPS)] from Gram-negative bacteria is found in amniotic fluid in intrauterine infections that associate with the risk for spontaneous premature birth, bronchopulmonary dysplasia (BPD), and respiratory distress syndrome. Toll-like receptor 4 (TLR4) is the signaling receptor for LPS. The aim was to investigate the primary inflammatory response in mice shortly after administration of LPS to the dam (14 and 17 d of pregnancy), to the newborn, or into the amniotic fluid. The expression levels of TLR4, IL-1, tumor necrosis factor-␣, IL-6, IL-10, macrophage inflammatory protein-2, and IL-1 receptor 1 were studied with ribonuclease protection assay. In addition, TLR4 protein was analyzed with Western blotting. The fetal membranes expressed TLR4 mRNA and protein and showed an acute cytokine response to LPS when LPS was administrated into the amniotic fluid. There was distinct ontogeny in the responsiveness of fetal lung to LPS: on fetal day 14 (term 20 d), both the expression of TLR4 and the acute cytokine response were undetectable 5 h after LPS; they became detectable by fetal day 17. TLR4 and the cytokine response further increased after birth. In maternal lung, the TLR4 expression was strongest and upregulated in parallel with the induction of the cytokines. We propose that TLR4 controls the magnitude of the LPS-induced cytokine response during the perinatal period. Intrauterine infection and intrauterine inflammatory response syndrome are associated with preterm birth and bronchopulmonary dysplasia (BPD) in premature infants. Among the predisposing conditions, urinary tract infections and infections that affect the abdominal organs are often caused by Gram-negative bacteria. The onset of premature birth is associated with increased endotoxin and cytokine concentrations in amniotic fluid and inflammation in fetal membranes (1,2).
Intrauterine infection and intrauterine inflammatory response syndrome are associated with preterm birth and bronchopulmonary dysplasia (BPD) in premature infants. Among the predisposing conditions, urinary tract infections and infections that affect the abdominal organs are often caused by Gram-negative bacteria. The onset of premature birth is associated with increased endotoxin and cytokine concentrations in amniotic fluid and inflammation in fetal membranes (1, 2) .
The infection is detected by the host organism by recognizing specific structures produced only by microorganisms. These elements are called pathogen-associated molecular patterns (PAMPs) (3, 4) . Recognition of PAMPs is an innate mechanism that is mediated by specific pattern recognition receptors, which activate the acute inflammatory response. Lipopolysaccharide (LPS; also known as endotoxin) is one of the best known PAMPs. It is a constituent of the cell wall of Gram-negative bacteria that starts a complex cascade of events in inflammatory cells, particularly in monocytes and macrophages. This leads to the production of endogenous mediators, including the primary proinflammatory cytokines IL-1 and tumor necrosis factor-␣ (TNF-␣), and a number of other mediators that are induced in various cells (5) (6) (7) .
A principal LPS signaling receptor is a recently characterized transmembrane pattern recognition receptor, Toll-like receptor 4 (TLR4) (8 -11) . TLR4 is a member of the mammalian Toll/IL-1 receptor family that is homologous to the Drosophila Toll family, which controls the dorsoventral patterning in the embryo and the antimicrobial response in the adult fly (12, 13) . Mammalian TLR4 functions as a CD14-associated signal transducer of inflammation that recognizes and distinguishes LPS and some other classes of pathogens on inflammatory cells. Activation of TLR4 initiates the proinflammatory signaling cascade that produces the cytokine response that is involved in the innate immunity and acts to bridge innate and adaptive immunity by inducing various co-stimulatory effector molecules (14 -18) . Most cytokines have a short half-life in the circulation, being produced in large quantities in activated phagocytes. They interact with specific target cells and participate in generation of an appropriate antimicrobial response. In addition, some cytokines are constitutive and may be needed for continued cell growth, differentiation, and survival. Overproduction of inflammatory cytokines may lead to shock and organ injury (19) .
The aims of the present study were to determine whether administration of LPS to the dam, into the amniotic fluid, or to the newborn results in acute primary cytokine response and whether tissues involved in the oxygen uptake (placenta-fetal membranes, lung) are affected. Because TLR4 expression has been suggested to correlate with the intensity of the LPSinduced innate immune response in vitro, we hypothesized that the TLR4-expression in tissues may be a factor controlling the cytokine response.
METHODS

Animals.
All experiments were approved by the Animal Research Committee of the University of Oulu. Female DBA/2 mice were mated, and the day of the vaginal plug was designated as day 0. At days 14 and 17 of pregnancy, known with a precision of Ϯ12 h, the mice received an i.p. injection of 1.2 mg/kg (n ϭ 4 dams) or 2.4 mg/kg LPS (n ϭ 4 dams; E. coli LPS, serotype 055:B5; Sigma Chemical Co. Chemical Co, St. Louis MO). The newborn mice (aged 12-24 h; n ϭ 10) received an s.c. injection of either PBS or 2.4 mg/kg LPS. In another set of experiments, PBS or 0.25 g of LPS was given to the amniotic sac [intra-amniotic (i.a.)]. These dams were anesthetized on day 14 or day 17 of pregnancy, uterine horns were exposed, and LPS was given i.a. as previously described (20) . Five hours after each injection, the mice were killed with cervical dislocation. The maternal and fetal lungs, the placenta, and the fetal membranes as well as the lungs of the newborn mice were harvested.
RNA analysis. To investigate the acute response to LPS at the molecular level in maternal, newborn, and fetal tissues, we examined the mRNA expression levels of TLR4 and the proinflammatory cytokines IL-1␣, IL-1␤, IL-6, and TNF-␣; the anti-inflammatory cytokine IL-10; the chemokine macrophage inflammatory protein-2 (MIP-2); and the IL-1 signaling receptor (IL-1R1) with ribonuclease protection assay (RPA).
The 303-bp TLR4 probe was synthesized from linearized plasmid pmTLR4-1 generated by reverse transcriptase-PCR from adult mouse lung. The sense primer sequence was 5'-GCAAAGTCCCTGATGACATT-3', and the antisense primer sequence was 5'-CCAATAGGGAAGCTTTCTA-3', corresponding to the nucleotides 155 to 174 and 440 to 458 of mouse TLR4 cDNA (GenBank AF110133). The TLR4 RPA probe synthesis reaction contained the linearized template, each NTP and ␣-32 P-UTP (Amersham Biosciences, Buckinghamshire, UK), dithiothreitol, transcription buffer, RNase inhibitor, and T7 RNA polymerase (Promega, Madison, WI). DNA was digested from the mixture after 1 h of synthesis at 37°C with DNase-free RNase. The TLR4 probe was purified with PAGE-urea gel (21), followed by further purification with phenol-chloroform extraction and ethanol precipitation.
Total cellular RNA was isolated from tissues with Trizol reagent (Gibco BRL, Life Technologies, Grand Island, NY) according to the manufacturer's instructions. The RPA was performed with the RiboQuant-RPA kit (Pharmingen, San Diego, CA). The radiolabeled antisense RNA probe was synthesized of a custom template set (Pharmingen) according to the manufacturer's instructions. The custom template mix and the TLR4 probe were dissolved and mixed together. The precipitate was dissolved in the hybridization buffer, and the probe was added to 10 g of total RNA to be analyzed. After overnight hybridization at 56°C, the unprotected RNA was digested with RNase A and RNase T1 mixture, and the protected RNA fragments were purified with phenol extraction and ethanol precipitation. Electrophoresis was carried out on a 5% denaturing polyacrylamide gel. The bands were quantified with a PhosphorImager scanner (Quantity one, BioRad, Hercules, CA), and the results were normalized to the housekeeping gene L32.
Protein analysis. The goat anti-human TLR4 antibody C-18 for protein analysis was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The tissues were homogenized in extraction buffer [10 mM Tris (pH 7.5); 0.25 M saccharose; 1 mM EDTA; 5 mM benzamidine; and 2 mM PMSF that contained 10 g/mL pepstatin A, aprotinin, leupeptin, and chymostatin] and centrifuged at low speed to collect the supernatant. Ten or 20 g of each protein sample was resolved in 8% SDS-polyacrylamide gel and electrotransferred onto nitrocellulose membrane Protran BA83 (Schleicher & Schuell, Dassel, Germany). The membranes were blocked at 4°C overnight in 5% skim milk powder-TBS-T (Tris-buffered saline that contained 0.1% Tween 20) and incubated with the primary antibody in TBS-T for 1 h at room temperature followed by washes with TBS-T and incubation with horseradish peroxidase-conjugated anti-goat IgG (Santa Cruz). The blot was developed with the ECL-Plus system (Amersham Biosciences) according to the manufacturer's instructions.
Statistics. The levels of mRNA, normalized to the housekeeping gene L32, were expressed as means (ϮSE) for convenience. The changes in the expression levels as a response to LPS were shown as fold increase to control (vehicle) level. The statistical significance was analyzed using nonparametric independent samples test. Significance was accepted at p Ͻ 0.05.
RESULTS
To evaluate LPS responsiveness, we monitored the LPS-or vehicle-treated pregnant mice for systemic signs of inflammatory disease. In preliminary experiments, two different concentrations of LPS (1.2 and 2.4 mg LPS/kg) and two different challenging times (5 or 12 h) were used. Within 4 h after the LPS challenge, the mice developed symptoms of fever, ruffled hair, and lethargy. There were no spontaneous abortions or fetal deaths within 5 h. The higher dose of LPS (2.4 mg/kg) and short time interval of 5 h were chosen to establish a primary inflammatory response, minimizing the secondary maternal response that is likely to interfere with the intrauterine response.
Pulmonary response to endotoxin. Maternal lung responded acutely and promptly to LPS by up-regulating cytokine mRNAs (Fig. 1) . The pulmonary expression levels of the proinflammatory cytokines IL-1␤, TNF-␣, and IL-6 increased 11.5-, 7.5-, and 4-fold, respectively, whereas the expression level of the chemokine MIP-2 increased 15.5-fold. The increases of IL-1␤, TNF-␣, and MIP-2 were statistically significant. In addition, IL-1R1, IL-10, and IL-1␣ were up-regulated~2-fold during LPS challenge. The cytokine expression pattern of newborn lung was similar to the adult lung, except that the 5-fold increase in the expression level of IL-1␣ was stronger than in adult lung. In the newborn animals, LPS increased the pulmonary expression levels of IL-1␤, TNF-␣, and MIP-2 by 14.4-, 5-, and 16.5-fold, respectively. All of these increases were statistically significant.
In the very premature lung of the 14-d-old fetus, no constitutional expression of proinflammatory cytokines or chemokines or induction of their expression after LPS exposure was detected (data not shown). In the 17-d-old fetal lung, the increase in cytokine expression was moderate and not statistically significant: the up-regulation of IL-1␣, IL-1␤, IL-6, TNF-␣, and MIP-2 was 2-, 3.5-, 2-, 2-, and 4-fold, respectively. No IL-10 expression could be detected, and the strong constitutional expression of IL-1R1 was not influenced by i.a. LPS. Administration of LPS did not result in any detectable increase in the expression of cytokines of the fetal lung (data not shown).
Responsiveness of placenta and fetal membranes to i.p. and i.a. LPS. The intensity of cytokine response in placenta and fetal membranes was dependent on the site of LPS administration. The placental tissue expressed constitutive levels of IL-1␣, TNF-␣, and IL-1R1 (Fig. 2) . LPS challenge i. and IL-6 increased 1.5-fold. However, because of high variation, none of these changes was statistically significant.
In fetal membranes, the expression of IL-1R1 was constitutional and noninducible (Fig. 2) . The i.p. LPS administration had minor effects on the cytokine expression levels of the fetal membrane. On the contrary, the i.a. LPS challenge resulted in up-regulation of the proinflammatory mediators IL-1␣, IL-1␤, IL-6, and TNF-␣ and chemokine MIP-2 10.5-, 21-, 5-, 12-, and 28-fold, respectively. All of these increases were statistically significant. Anti-inflammatory cytokine IL-10 mRNA also tended to increase 2.5-fold.
TLR4 expression in the lung, placenta, and fetal membranes. TLR4 mRNA was expressed in maternal lung, and there was a minor increase by the LPS challenge (Fig. 3) . Newborn lung also expressed TLR4, but the expression was not affected by the LPS challenge (Fig. 3) . In fetal lung, TLR4 mRNA was not detected at day 14 of gestation (data not shown); however, by day 17, the expression had initiated (Fig.  3) . The LPS challenge did not change the expression levels in fetal or newborn lung. In placenta, low basal TLR4 expression was detected and no increase in expression was seen after the LPS administration (Fig. 3) . The fetal membranes expressed TLR4, and there was a small, statistically nonsignificant increase during the i.a. LPS challenge (Fig. 3) .
TLR4 protein in the lung, placenta, and fetal membranes.
Low quantities of TLR4 protein were detectable in fetal lung at day 17. Pulmonary TLR4 in newborn pups was higher than that in fetuses, whereas TLR4 protein in the adult lung was distinctly highest, reflecting the ontogeny of TLR4 mRNA expression. No detectable changes in Western blots were evident after the LPS challenge (Fig. 4) .
TLR4 signal was weak in Western blots from placenta at 17 gestational days (Fig. 4) . In contrast, the fetal membranes from 17 d of pregnancy contained more TLR4 protein. There was no detectable increase in TLR4 protein within 5 h after the LPS challenge (Fig. 4) .
DISCUSSION
The present study was undertaken to investigate the primary cytokine response after the introduction of a large dose of LPS into the maternal compartment (22) or into the amniotic fluid. The maternal, placental, and fetal compartments showed remarkable differences in the magnitude of the cytokine response. In contrast to a barely detectable response to LPS in fetal lung, the cytokine responses in maternal lung and in fetal membranes were strong. The present results indicate that the expression of TLR4 correlates with the magnitude of acute cytokine response in different tissues. During perinatal development, there are similarities between the expression patterns of TLR4 and TLR2 (23), the signaling receptors for Gram-negative and Gram-positive bacteria, respectively. The distal signaling pathways of these two TLRs also reveal similarities (17) .
In mice of the DBA/2 strain, the expression of TLR4, as measured using RPA, became clearly detectable in fetal lung by day 17, increased toward term, and further increased after birth, confirming the previous results using quantitative PCR in mice of the FVB strain (23) . Because in fetal lung, LPS had no acute influence on the expression of TLR4, the genetic regulation of this predominantly macrophage-associated protein may be linked to factors that control the quantity, pulmonary distribution, and differentiation of macrophages (24, 25) . In accordance with the observed low expression of TLR4, 17-dold fetal lung responded poorly to the LPS challenge. The acute cytokine response was distinct in the newborn lung, reflecting the perinatal increase in TLR4 protein.
The lack of acute fetal lung response to the LPS challenge suggests that a very immature lung from day 14 either is inert against acute inflammatory stimuli or responds by a TLR4-independent mechanism. However, the finding of a prominent fetal pulmonary cytokine response 1 to 7 d after an i.a. injection of LPS in premature ovine pregnancy (26) suggests that the responsiveness to LPS is inducible in fetal lung. We propose that some of the mediators induced by LPS are responsible for priming the inflammatory responsiveness. It is feasible to assume that cytokines from the fetal membranes accumulate into the amniotic fluid that is mixed with the fetal lung fluid during fetal breathing movements (27, 28) . Cells that localize on the lining of the future airways either have constitutional TLR4 signaling or may develop TLR4 expression upon contact with the amniotic fluid. Analogously, the cytokines in the amniotic fluid (presumably IL-1) may gain access to the lung via the airways, increasing the components of the surfactant system in the future alveoli (29) .
That both very premature ovine and human fetuses develop a prominent pulmonary cytokine response to toxins from microbes (26, 30, 31) indicates either species difference in the ontogeny of pulmonary innate response or that the time window required for activation of the immune response is longer than used here, allowing the secondary inflammatory response to take place. It may be argued that fetal mice that undergo surgery fail to distribute i.a. LPS to future airways by fetal breathing movements. However, in a similar setting the fetuses had an intracardiac cytokine response, indicating the availability of LPS in the fetal compartment (20) . Very premature infants with severe pneumonia at birth also demonstrated low levels of IL-1␤ and TNF-␣ in lung effluent and a low level of inducible nitric oxide synthase enzyme in airway cells (32) . These inflammatory activities increase remarkably during the next few days as the recovery from severe respiratory failure takes place. A gestational increase in LPS responsiveness was evident in human macrophages from the airways (33) .
Besides TLR4, CD14 and MD-2 are required for activation of TLR4 (34) . Adaptor proteins, including MyD88, are required for signal transduction after the activation of TLR4 (35) . MD-2 null mice do not respond to LPS, and as studied in embryonic fibroblasts, TLR4 remained within the Golgi region and did not appear in plasma membrane (36) . In addition to the signaling receptor for LPS, other components of the signaling pathway (37) , including the adapter proteins that modulate the quality and the quantity of the inflammatory signal (35) , may be rate limiting in perinatal development of the cytokine response.
In premature newborn infants who develop BPD, the cytokine response, judged on the basis of the proinflammatory cytokines in airway specimens, is abnormally high, suggesting dysregulation of the innate immune response (38) . The present study provides the first preliminary evidence of the importance of TLR as a modulator of the degree of cytokine responsiveness during the perinatal period. Apart from striking differences in the magnitude of cytokine responsiveness and the expression of the signaling receptor of LPS, there were differences in the pattern of inducible cytokines. The paucity of anti-inflammatory IL-10 in fetal and placental tissues was in contrast with the induction of IL-10 in adult lung that, however, did not reach statistical significance. IL-10 as an antiinflammatory cytokine in acute macrophage response and as a response element of TH-2 cells has been implicated as a potential antidote in inflammatory diseases. In very premature infants who develop BPD, the high proinflammatory cytokine response and lack of an anti-inflammatory cytokine response, particularly that of IL-10 (39), may sensitize the lung to oxidants and proteases (38) .
Chorioamnionitis is an established risk factor for BPD (30) . As shown here, the fetal membranes possessed a strong TLR4 signal and gave a robust acute cytokine response after i.a. but not after maternal LPS. The fetal membranes thus may be partially protected from endotoxin in the maternal compartment. In the present study, the fetal membranes and the adult lung tended to show an increase of TLR4 expression, whereas in the other tissues studied, particularly in fetal and neonatal lung, TLR4 expression was not affected by acute exposure to LPS. As studied using mouse peritoneal macrophages, the expression levels of TLR4 are acutely down-regulated by its ligand (40) . Induction of TLR possibly may lead to excessive cytokine response observed in BPD in some susceptible infants. The mechanisms that cause the range of changes in TLR4 expression levels, induced by its ligand (40) (present study), remain unknown.
Spontaneous premature births in human pregnancies are commonly associated with intrauterine infection and inflammation, as indicated by the proinflammatory cytokines, microbes (41) , and LPS (42) in the amniotic fluid. The fetal membranes implicated in the progression of premature labor are capable of an acute innate cytokine response after LPS. The cytokines generated by the placenta and fetal membranes induce the synthesis of prostaglandins and other mediators that are required for the onset and progression of labor (41) . The lack of an appropriately responding innate immune system required for pathogen elimination in the premature infant could be partly responsible for the susceptibility to infections and inflammatory disease. Recently, an allele of TLR4 that results in altered responsiveness to LPS was associated with a predisposition to spontaneous premature birth (43) . We propose that activation of TLRs in placenta (23, 44) and in fetal membranes, resulting in proinflammatory responses in placenta, fetal membranes, and fetal lung, are among important early steps that lead to inflammatory disease of the fetus and to premature birth.
